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Organic electrochemical transistors (OECTs) based on poly(3,4-ethylenedioxythiophene) (PEDOT)
have been extensively studied, yet devices fabricated via electropolymerization remain underexplored
in terms of the underlying ionic dynamics and the potential for flexible integration. In this work, we
demonstrate robust OECTs based on electropolymerized PEDOT, exhibiting negligible drain current
degradation after 1000 cycles of operation in aqueous NaCl. Compared to inkjet-printed devices, they
offer markedly superior cycling stability, which is further enhanced by the incorporation of the small
anionic dopant CIO,~. We also show flexible, lightweight OECTs by electropolymerizing PEDOT on
ultrathin parylene substrates, achieving stable performance under mechanical strain. Furthermore,
Electrochemical Quartz Crystal Microbalance with Dissipation (EQCM-D) analysis reveals distinct ion
transport behavior in PEDOT:CIO4, where dopant ejection dominates doping/dedoping process,
unlike in PEDOT:PSS. This study underscores the advantages of electropolymerization and small-ion
doping, offering new mechanistic insights and advancing the design of high-performance, flexible

OECTs for bioelectronic applications.

Organic electrochemical transistors (OECTs), characterized by their mixed
ionic-electronic conducting properties, low operation voltages, and high
amplification capability, have garnered significant attention in recent years'.
These attractive features make OECTs promising candidates for a broad
range of bioelectronic applications™, including biosensors®, artificial
synapses’, and neuromorphic computing®. OECTs are three-terminal devi-
ces, which consist of an active material film that connects the source and drain
electrodes, forming the channel of the device. This channel material is in
direct contact with a gating medium’, typically a liquid or gel electrolyte,
which in turn is in contact with the gate electrode. Organic mixed ionic-
electronic conductors (OMIECs), which exhibit both ionic and electronic
conduction, are used as channel materials®. During OECTs operation,
reversible electrochemical doping/dedoping of the channel occurs when a
gate voltage is applied, leading to current modulation"’. The most extensively
studied OECTs are based on poly(3,4-ethylenedioxythiophene) (PEDOT),
usually doped with the polyanion, poly(styrenesulfonate) (PSS)'*""*, owing to
its high conductivity, biocompatibility, chemical and electrochemical stabi-
lity, and versatile processibility"* via spin-coating"®, drop-casting’®, screen
printing', direct-ink writing'®"”, inkjet printing”’, and aerosol jet printing’'.
Most of these techniques rely on commercial PEDOT:PSS suspensions.
Eelectropolymerized PEDOT-based OECTs, along with their performance
and working mechanisms, have received comparatively less attention.

Interestingly, electropolymerization was the first technique used to fabricate
OECTs in the mid 1980s™ . In recent years, this approach has regained
interest for producing OECTs aimed at advanced applications, including
biomimetic neuromorphic sensing’*”’, dendritic networks for brain-inspired
computation™”, and biofunctionalized biosensors” . For OECTs with
vertical geometry, electropolymerization enable precise channel deposition,
resulting in exceptional device performance™. Electropolymerization offers
several advantages for processing OECTs, enabling precise control over the
channel’s chemical composition through the incorporation of various doping
counterions, as well as tunable thickness and morphology by adjusting pro-
cessing parameters. Aside from simplicity of equipment and short deposition
time, the minimal use of solvents, monomers and dopants during processing
makes this technique environmentally friendly. This method holds great
potential for developing bioelectric interfaces, such as PEDOT-coated neural
probes for stimulation™*. However, electropolymerization requires con-
ductive substrates, which poses challenges for achieving uniform film cov-
erage across the insulating channel regions of transistors. This limitation has
also hindered the development of electrodeposition for fabricating flexible
OECTs. Research on electrodeposited OECT is still in its early stage. Studies
of OECT's based on PEDOT doped with three different counterions, i.e., PSS™,
p-toluene sulfonate (pTS ™), and perchlorate (ClO, ), revealed that the highest
drain currents and maximum transconductances were achieved with the
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medium-sized counterion, pTS . Relevant studies on OECTSs fabricated
through electropolymerization are summarized in Supplementary Table 1.

The working principle of OECTs relies on ionic-electronic coupling
effects, where ions moving in and out from the channel material led to
current modulation. Electrochemical Quartz Crystal Microbalance
(EQCM) is a powerful operando technique for monitoring mass variation of
OMIEC films during bias application, enabling quantification of ionic
injection and ejection throughout the doping and dedoping processes that
drive OECT operation®”. EQCM has been employed to investigate the
mechanism of OECTs fabricated by spin-coating commercial PEDOT:PSS
crosslinked with (3-glycidyloxypropyl)trimethoxysilane (GOPS), where the
PSS™ dopant counterions remain immobile. Studies conducted in aqueous
NaCl demonstrated that dedoping is predominately driven by the injection
of Na* cations into the channel material, resulting in decreased channel
conductance”. A combined EQCM and ex situ X-ray fluorescence (XRF)
study on PEDOT:PSS films treated with sulfuric acids revealed that both
anions and cations participate in the doping and dedoping processes'".
Differences in the doping/dedoping mechanisms between acid-treated and
ethylene glycol-treated crosslinked PEDOT:PSS, where only cations parti-
cipate in the doping and dedoping processes, were confirmed through XRF
quantitative analysis*’. For OECTs based on electropolymerized conducting
polymers doped with various ions (e.g, PEDOT:PSS and PEDOT:ClO,),
EQCM studies would be particularly valuable in elucidating the working
mechanism. While large immobile counterions, such as PSS™, remain in the
film during the doping-dedoping process, smaller mobile counterions may
be ejected during dedoping, leading to a more complex operational
mechanism. The working mechanism can be extended to flexible and
stretchable transistors, advancing the understanding of underlying pro-
cesses for flexible electronics.

Fig. 1 | Morphology characterizations of electrodeposited films. a Schematic
illustration of the OECT structure with patterned Au source (S)-drain (D) electrodes
and electrodeposited PEDOT channel film. b Chemical structure of PEDOT, PSS~
and ClO,4 . SEM (c-e) and AFM (f-h) images of PEDOT:CIO, films

In this work, we investigated OECT's based on electropolymerized
PEDOT:CIO4 and PEDOT:PSS, representing two model systems with
immobile and mobile dopants, respectively. By comparing device perfor-
mance in aqueous NaCl, we observed that the smaller ClIO,~ dopant facil-
itates a fully doped state for PEDOT. Additionally, electropolymerization
enhanced the cycling stability of OECTSs, compared to devices based on
printed commercial suspensions. We also fabricated lightweight and flexible
OECTs based on the electropolymerized PEDOT:CIO, film on a thin par-
ylene substrate. To clarify the working mechanism of electropolymerized
OECTs, we employed EQCM to study the doping and dedoping processes.
For PEDOT:PSS, the process is predominantly governed by the injection
and ejection of Na" ions from the electrolyte. In contrast, for PEDOT:CIO,,
dedoping also involves the ejection of the ClO4 dopant counterions.

Results
High-performance OECTs based on electropolymerized small-
anion doped PEDOT
The main challenge in fabricating electropolymerized OECTs is depositing
the channel material onto insulating substrates. This can be addressed by
short-circuiting metal source-drain electrodes, spaced by a moderately small
gap (typically less than 50 pm), and using them as a single working electrode
during electropolymerization®. This setup enables the formation of a con-
tinuous channel by bridging the insulating gap between the electrodes with
the electropolymerized material. Other approaches include using alternat-
ing current to promote fiber formation along the direction of the electric
field, eventually creating dendritic networks"**’, and precoating the channel
area with solution-processed PEDOT**,

We electropolymerized PEDOT:CIO, films onto short-circuited
source-drain electrodes patterns to fabricate OECTs (Fig. la) using

SOH SO; SOsH SOsH SO,H

180.0 nm

electropolymerized at charge densities of: ¢, f 20 mC/cm’, d, g 30 mC/cm’ and
e, h 60 mC/cm?. Yellow dashed lines: OECT channel. Red dashed box: region from
which the surface roughness R is extracted.
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Fig. 2 | Output (I5-Vp), transfer (Ip-V) characteristics (measured as deposited
and after long time storage), transconductance (g,,), and cycling stability within
1000 cycles for OECTs. a—c electropolymerized PEDOT:CIO, with deposition
charge density of 60 mC/cm’ d-f electropolymerized PEDOT:PSS with deposition
charge density of 300 mC/cm’; g-i ink-jet printed PEDOT:PSS. A Ag/AgCl pellet

gate and 100 mM NacCl electrolyte were used in all measurements. Transfer curves
were measured at a Vp, = —0.4 V. For all fabrication conditions, three devices were
measured to confirm their reproducibility. All samples were measured one day after
fabrication. The shaded area around the transfer curves represents the standard
deviation extracted from three samples.W/L = 4000 um/5 pm.

varying concentrations (1, 5, 100 mM) of the dopant LiClO,. All devices
exhibited p-type behavior and operated in depletion mode, as expected for
PEDOT-based OECTs". Notably, electrolyte concentrations of 5 mM and
100 mM both resulted in complete channel coverage, yielding OECT's with
similar electrical characteristics (Supplementary Fig. 1). In contrast,a 1 mM
concentration was insufficient to bridge source and drain electrodes, as no
significant current was detected during electrical measurements. We con-
sistently used high concentration of 100 mM in this study, as it is commonly
employed in electrochemical systems for its high ionic conductivity and
reduced ionic migration®.

The morphology of PEDOT:CIO, films electrodeposited at charge
densities of 20 (Fig. 1, f), 30 (Fig. 1d, g), and 60 (Fig. le, h) mC/cm’ was
investigated using scanning electron microscopy (SEM) and atomic force
microscopy (AFM). As expected, electropolymerization initiated at the Au
electrodes and progressively extended across the channel area, with growth
occurring both laterally and vertically relative to the electrode surface. This
behavior aligns with established nucleation-growth mechanisms, resulting
in a progressive increase in surface roughness (root mean square roughness,
R) atlonger deposition times”. At an early stage (20 mC/cm?, 40 s), the film
primarily formed on the source and drain electrodes, with limited extension
into the adjacent channel regions. The resulting morphology displayed an
R, of 8 nm (Fig. 1c, f). Increasing the deposition charge (30 mC/cm?, 60 s)
led to full channel coverage, yielding a granular network on the Au elec-
trodes (Rq =21 nm, Fig. 1d, g; Supplementary Fig. 2a) and densely packed
aggregates across the channel (Supplementary Fig. 2b). Further increasing
the deposition charge (60 mC/cm?, 120 s) led to continued film growth atop
the existing PEDOT layer, producing a rougher granular morphology across

both the electrodes and channel (Rq=38nm, Fig. le, h; Supplementary
Fig. 2c). Although the morphological image does not show a complete
connection between the source and drain electrodes at low deposition
charge (20 mC/eny, Fig. 1c, 1), localized conductive pathways may lead to
devices showing a low source-drain current and a limited performance in
terms of transconductance (0.1 mS) and ON/OFF ratio (2 x 10") (Supple-
mentary Fig. 3a, d). When the channel was fully covered, at 30 mC/cm®
(Supplementary Fig. 3b, €) and 60 mC/cm’ (Supplementary Fig. 3¢, f), the
devices displayed similar performance with high transconductance (above
10 mS), and an ON/OFF ratio around 1 x 10°, despite minor changes in
morphology (Supplementary Fig. 2). Electrodeposited OECT's obtained
with other small dopants (Supplementary Fig. 4), such as LiBF; and
TEABF,, frequently used for PEDOT electrodeposition, showed similar
transconductance (~10 mS) and ON/OFF ratios (~4 x 10%), indicating that
various combinations of small anion dopants and accompanying cations do
not significantly impact the electropolymerization process, consistent with
previous findings™. Overall, our results show that electrodeposition pro-
duces highly reproducible devices with performance comparable to state-of-
the-art electropolymerized OECT' (Supplementary Table 1).

Devices with similar steady-state characteristics (Fig. 2) were obtained
using the larger polymeric dopant polystyrene sulfonate (PSS”), both
through electrodeposition (g,,~10 mS, ON/OFF ratio ~6 x 10%) and inkjet
printing from a commercial suspension (g,~9mS, ON/OFF ratio
~7.4 x 10°) (Table 1). Notably, the drain current (Ip) saturated at ~Vg =0V
for PEDOT:CIO, OECTs (Fig. 2a, b, and Supplementary Fig. 5a, d), but ata
slightly negative Vg for the electropolymerized (Fig. 2d, e, and Supple-
mentary Fig. 5b, e) and printed (Fig. 2g, f, and Supplementary Fig. 5c, f)
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Table 1 | Figures of merit of the OECTs reported in this work

Channel material Fabrication method  Dopant Deposition charge density Transconductance (mS) ON/OFF
concentration (mM) (mC/cm?) ratio (x10°%)
PEDOT:CIO4 electropolymerization 100 mM 30 11.0+1.0 1.0+£0.1
PEDOT:CIO, electropolymerization 100 mM 60 13.0+0.5 1.0+£0.2
PEDOT:BF, (TEABF,) electropolymerization 100 mM 60 9.0 0.3
PEDOT:BF, (TEABF,) electropolymerization 5 mM 60 11.0 0.3
PEDOT:BF, (LiBF,4) electropolymerization 100 mM 60 10.0 0.5
PEDOT:BF, (LiBF,4) electropolymerization 5mM 60 8.0 0.4
PEDOT:PSS electropolymerization 100 mM 300 10.0+1.4 0.6+0.1
PEDOT:PSS ink-jet printing N/A N/A 9.0+1.0 0.7+0.2
PEDOT:CIO4 (on electropolymerization 100 mM 60 7.5 0.25
parylene)
PEDOT:PSS OECTs. This indicates that, at Vg =0V, PEDOT:CIO, films a b
are fully doped, while PEDOT:PSS films are partially doped. This is further £ 10 @
supported by UV-Vis spectroscopic measurements, which are discussed in — before bending 8 &
. . . . — i o
detail in the following section. Therefore, PEDOT:ClO, devices can operate ~ betore bencing 6 €
with lower energy consumption. These findings demonstrate that the ClO4~ slertendng 4 3
dopant promotes a fully doping state in PEDOT films, likely due to the more ‘ 2§
efficient insertion and redistribution of the smaller dopant ions during A \ =
electrodeposition. Remarkably, all devices retained similar performance o

after 4 months of storage in ambient conditions (Fig. 2b, e, h).

Despite their similar steady-state performance, the devices exhibited
different stability under cyclic pulsed Vg application. To assess cycling
stability, we monitored current responses during gate voltage pulses
(Vg=0.8V, pulse width =55) over time. For PEDOT:CIO, OECTs, the
current (Ip) remained nearly constant, with only a 2% decrease after 1000
cycles (Fig. 2¢). Electrodeposited PEDOT:PSS-OECTs showed a roughly
20% decline in I, (Fig. 2f). A larger I drop of about 50% was observed in
printed devices (Fig. 2i). The reduced cycling stability of PEDOT:PSS is

51-53

primarily attributed to the greater swelling of its hydrophilic PSS chains
In inkjet-printed devices, this effect is more pronounced due to the excess
PSS required to stabilize commercial PEDOT:PSS dispersions. The higher
PSS content increases film hydrophilicity, leading to enhanced swelling in
aqueous environments and reduced operational stability. This observation
is consistent with our previous findings: solution-processed PEDOT:PSS
films showed a significant weight increase after 10 min of water immersion,
whereas PEDOT:CIO, films exhibited minimal change™. Beyond swelling,
differences in channel/electrode interface quality, arising from distinct
fabrication methods, may also contribute to the observed performance
variations. Overall, electropolymerized OECTs demonstrated superior
stability compared to printed devices, particularly when the small dopant
anion ClO,~ was used. While inkjet printing is widely used for fabricating
flexible electronic devices, the advantages of electropolymerization under-
score its promising potential for the development of flexible OECTs.

Electropolymerized PEDOT:CIO,4 on parylene substrate for flex-
ible and lightweight OECTs

Flexible and lightweight OECTSs were fabricated by electropolymerizing
PEDOT:CIO, films onto source-drain electrodes patterned on a thin
(10 um) parylene layer deposited on a glass substrate. At the end of the
fabrication process, the parylene layer was peeled off from the glass to yield
ultrathin flexible devices (Fig. 3a). Compared to conventional flexible sub-
strates such as polyimide or polyethylene terephthalate (PET), ultrathin
parylene films significantly reduce overall device weight and allow con-
formability to small-radius curved surfaces, facilitating mechanical flex-
ibility testing. The ability of a material to conform to curved surfaces is
governed by its bending stiffness, which is proportional to the Young’s
modulus (E) and the cube of its thickness (t*). For a given material, where the
Young’s modulus is constant, reducing the thickness significantly lowers the
bending stiffness, allowing it to bend more easily and conform to surfaces
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Fig. 3 | Fabrication and electrical characteristics of flexible OECTs based on
electropolymerized PEDOT:ClIO,4 on a parylene substrate. a Schematic illustration
of the flexible OECT. Transfer characteristics of the flexible OECT measured

b before mechanical bending and after recovery from mechanical bending; c at the
flat state and under bending parallel to the channel length; d at the flat state and
under bending perpendicular to the channel length. (Insets: photographs of the
device bending along different directions on a glass rod with the diameter of 5 mm).

with smaller radii of curvature. In the flat state, the flexible devices exhibited
a transconductance of 7.6 mS and an ON/OFF ratio of 2.5 x 10> (Fig. 3b),
slightly lower than those of the rigid counterparts, likely due to variations in
PEDOT film growth influenced by differences in gold electrode surfaces
across substrates (Supplementary Fig. 6). Importantly, the transfer char-
acteristics remained nearly unchanged under mechanical deformation
applied either parallel (Fig. 3c) or perpendicular (Fig. 3d) to the channel
length, demonstrating robust flexibility in both directions. After recovery
from bending, the devices retained a transconductance of 7.4 mS and an
ON/OFF ratio of 2.3 x 10%, confirming stable performance after mechanical
strains. Further evaluation of mechanical durability and long-term relia-
bility in future will be important for advancing their practical application in
flexible electronics.

Electrochromic behavior of PEDOT:CIO, films during doping/
dedoping monitored by UV-Vis spectroelectrochemistry
UV-Vis spectroelectrochemistry has been widely used to study changes in
doping state of conducting polymers during electrochemical doping and
dedoping processes™. For our study, we monitored the UV-Vis absorption
spectra of electrodeposited PEDOT:CIO;, films in real time while applying
cyclic linear voltage sweeps between —1.0 and 0.4 V, effectively capturing
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Fig. 4 | Spectroelectrochemical measurements of PEDOT:CIOy films electro-
deposited from a 100 mM dopant solution. Real-time absorption spectra during
a dedoping (+0.4 to —1.0 V) and b redoping (—1.0 to +0.4 V) presented with 0.1 V

increments. c top layer: voltage sweep, lower layer: temporal behavior of the three
wavelengths chosen as representative of neutral chains (621 nm), polarons
(801 nm), and polarons + bipolarons (1000 nm).

the dedoping (Fig. 4a) and redoping (Fig. 4b) processes. Consistent with
prior studies on PEDOT films™, we observed a characteristic absorbance
band in the 400-700 nm range, which corresponds to the n-n* transitions
of PEDOT neutral chains. Additionally, a second band appeared in the near-
infrared range (700-1100 nm), associated with polaron absorption. The
bipolaron states, which are typically located in the far infrared range, were
not captured in our spectra. To analyze these changes more closely, we
monitored selected wavelengths over time (Fig. 4c lower panel): the 621 nm
curve (blue line), representing neutral chain signatures, increased sig-
nificantly as the potential shifted from 0.4 to —1.0 V (Fig. 4c top panel).
Simultaneously, the 801 nm (pale red line) and the 1000 nm (red line)
curves, corresponding to the polaron band, decreased, consistent with the
dedoping of the polymer film. During the redoping process, within the
polaron absorption region (800 nm and 1000 nm), a unique behavior was
observed near the highly doped state (around 0.4 V). The 800 nm peak
displayed a dip, while the 1000 nm peak reached maximum intensity. In
contrast, the 621 nm signal continued to decrease. These features suggest
that, while the number of neutral chains decreases during redoping, the
polarons do not increase to their maximum concentration but instead
transition into other species, possibly bipolarons. This observation aligns
with the idea that, under highly doped conditions, some polarons convert to
bipolarons, indicating complex dynamics in the electronic states of PEDOT
under different electrochemical conditions.

Similar results were observed for films electrodeposited from a 5 mM
solution (Supplementary Fig. 7), indicating that dopant concentration has
minimal impact on the electrical modulation of electropolymerized PEDOT
films. This finding aligns with the comparable performance observed in
OECTs, reinforcing that variations in dopant concentration do not sig-
nificantly influence the electronic properties and functionality of these films.

UV-Vis spectroscopic comparison of PEDOT:CIO, and PEDOT:PSS
at 0V bias highlights distinct differences in their doping states (Supple-
mentary Fig. 8). PEDOT:PSS displays a pronounced absorption band
between 600 and 800 nm (black shaded area), while PEDOT:CIO, exhibits
stronger absorption beyond 900 nm (red shaded area). The latter is indi-
cative of increased bipolaron formation, as previously discussed, and reflects
a higher doping level in the electropolymerized PEDOT:ClO, film.

Different ionic injection/ejection behaviors for PEDOT:CIO, and
PEDOT:PSS measured by EQCM-D

To further investigate the doping and dedoping mechanisms in the devices,
we employed Electrochemical Quartz Crystal Microbalance with Dissipa-
tion (EQCM-D) to monitor in situ mass changes of the channel materials
under applied bias in aqueous NaCl. The changes in resonance frequency
(Af/n) and dissipation (AD) across multiple harmonics were recorded
during cyclic linear potential sweeps, allowing us to gain insight into the
dynamic mass uptake and release associated with electrochemical mod-
ulation. This approach provides valuable information on how mass trans-
port correlates with the electronic state changes within the channel materials
during the doping and dedoping processes, for both rigid and flexible
devices.

For quantitative mass analyses, the mass variation (Am) at the sensor
surface or within the deposited film can be determined from the recorded
oscillation frequency change (Af) across different overtones orders (n) using
the Sauerbrey’s equation (Eq. 1):

x—:—Cx? (1)

where Af/n is the change of frequency at nth overtone. C = Z/2fy’ is the
calculation constant (or sensitivity factor) of the quartz crystal, where f; is
the fundamental resonance frequency, and Z is the acoustic impedance of
the quartz crystal (~8.8 x 10° g/cm’s). For a 5 MHz crystal sensor, C equals
17.7 ng/cm’Hz”".

According to the Sauerbrey equation, an increase in Af/n corresponds
to a mass loss, and a decrease corresponds to a mass gain. This equation is
typically applicable to rigid materials, such as metal coatings, in air or
liquid™®. For polymer coatings in contact with liquid media, the Sauerbrey
model remains valid if the dissipation change is minimal (AD = 0); other-
wise, viscoelastic models are preferable™. It has been shown that for polymer
films thinner than 100 nm, the Sauerbrey model reliably reflects mass
changes (Am)**"". When dissipation changes are small, the frequency shifts
(Af/n) overlap across all measured harmonics, indicating that the film
behaves as a rigid layer firmly attached to the sensor surface”. In our
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Fig. 5| EQCM-D behavior of PEDOT:CIO, and PEDOT:PSS films electro-
deposited over 30 s on EQCM quartz crystals. Voltage sweep, current response,
frequency response (Af/n) at the 3rd overtone, and converted mass variation (Am)
under cyclic linear potential sweep for a PEDOT:CIO, and b PEDOT:PSS. The
potential was applied between —0.8 V to 0.8 V at a scan rate of 50 mV/s. ¢ Cyclic
voltammetry, d mass variation vs. voltage for PEDOT:CIO,. e Cyclic voltammetry,

f mass variation vs. voltage for PEDOT:PSS. Illustration of the ionic distribution
without voltage application and during redoping/dedoping g for PEDOT:CIO,
and h for PEDOT:PSS. The bottom yellow part indicates the Au QCM sensor. For
(aand b), the data from the 5th and 6th cycles are shown, and for (c-f), the 5th cycle
is plotted.

experiments, all electrodeposited films showed negligible shifts of Af/n and
AD over a complete cycle, spanning voltage sweeps from —0.8 to +0.8V
and back (Supplementary Figs. 9, 10). This behavior suggests minimal ionic
accumulation or loss, indicating stable mass dynamics during the electro-
chemical modulation processes.

The EQCM-D responses for PEDOT:CIO, and PEDOT:PSS films
deposited over a 30-s period showed negligible changes in AD, along with
overlapping Af/n values across different overtones (n =3, 5, and 7) (Sup-
plementary Fig. 9a, b), indicating that these films could be reliably analyzed
for mass transport. The cyclic voltammograms (CV) for PEDOT:CIO,
(Fig. 5¢ and Supplementary Fig. 11c) exhibited the typical shape of CV for
PEDOT®, with increasing current at faster scan rates, suggesting a pseudo-
capacitive behavior. A similar CV profile was observed for PEDOT:PSS
(Fig. 5e). The peak observed at —0.4 V, which diminishes upon degassing

(Supplementary Fig. 12), is related to oxygen electrochemistry under normal
operating conditions.

Before a full cycle sweep, the PEDOT films were held at —0.8 V to
achieve a fully dedoped state, due to the injection of the Na* ions from the
electrolyte and, where feasible, the ejection of mobile dopant anions. During
the subsequent voltage sweep from —0.8 to 0.8 V (redoping), electrolyte
cations migrate toward the counter electrode, while anions migrate to the
PEDOT working electrode and enter the film. The ionic movement occurs
oppositely during the reverse sweep from 0.8 to —0.8 V (dedoping).

The mass changes for PEDOT:ClO, during CV were determined from
the frequency responses at the 3rd overtone across different voltage scan
rates: 20 mV/s (Supplementary Fig. 11a), 50 mV/s (Fig. 5a), and 100 mV/s
(Supplementary Fig. 11b). Illustrations of the ionic distribution at the initial
state (without voltage applied), during redoping (from -0.8V to 0.8 V) and
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during dedoping (from 0.8V to -0.8 V) are provided for PEDOT:ClO,
(Fig. 5g) and PEDOT:PSS (Fig. 5e). These mass variations correlated closely
with the voltage and current profiles at all scan rates, with only minor
differences observed (Supplementary Fig. 11d), indicating that ionic
movement is minimally impacted by scan rate. For PEDOT:CIO,, redoping
(Fig. 5a, pink shaded area, and Fig. 5d, pink line) begins with a decrease in
Ambetween —0.8 to —0.3 V due to the ejection of Na* ions (Fig. 5g). Beyond
—0.3 V, Am sharply increases as CIO,~ dopant anions (Fig. 5g), previously
ejected during dedoping, re-enter the film possibly accompanied by Cl™
anions from the electrolyte. During the reverse sweep (dedoping), Am
continuously decreases (Fig. 5a blue shaded area, and Fig. 5d, blue line),
indicating that CIO, ™ and Cl~ anions leave the film as Na" ions are injected
(Fig. 5g). PEDOT:CIO, samples deposited for 60 s and 120 s exhibited larger
AD values and pronounced Af/n splitting across different overtones n =3, 5
and 7 (Supplementary Fig. 10), suggesting that the Sauerbrey equation is no
longer applicable. It has been reported that higher-order shear waves are
more sensitive to the material near the electrodes, while lower-order waves
experience less damping in the film. Frequency shifts were smaller at higher-
order overtones and larger at lower-order overtones, indicating that mass
changes are more pronounced closer to the electrolyte. This observation
differs from the case of acid-treated PEDOT:PSS, which has been reported
to exhibit greater mass change near the substrate™.

For PEDOT:PSS, during redoping, a substantial mass decrease was
observed (Fig. 5b pink shaded area, Fig. 5f pink line), indicating that the
process is primarily driven by the ejection of Na™ cations from the film,
along with the injection of ClI™ anions (Fig. 5h). During dedoping, Am
remained stable from 0.8 to 0.4 V but increased between 0.4 and -0.8 V
(Fig. 5b blue shaded area, Fig. 5f blue line). The stable Am between 0.8 and
0.4 V suggests a mass balance between the slight ejection of Cl™ ions and the
injection of Na* ions. The subsequent mass increase indicates that the
process is dominated by Na* ion injection to compensate negatively charged
PSS chain (Fig. 5h), consistent with the widely accepted understanding of
the doping/dedoping mechanism in PEDOT:PSS. Unlike previous findings
regarding spin-coated PEDOT:PSS films containing additives*’, our results
demonstrate the participation of Cl™ anions in this process.

Therefore, EQCM-D enabled a direct evaluation of the doping/
dedoping mechanisms in electropolymerized PEDOT films, revealing that
small anion-doped PEDOT (PEDOT:CIO,) differs from polyanion-doped
PEDOT (PEDOT:PSS) due to the distinct involvement of dopant coun-
terions. While EQCM-D offers valuable insights into mass transport during
electrochemical processes, it presents limitations on resolving contributions
from various ionic species, such as Na* and ClO,, and from the solvent. As
such, a more detailed understanding of mass transport will require the
integration of advanced operando characterization techniques, such as XRF
for substituted ions.

Discussion

We demonstrated the fabrication of highly stable organic electrochemical
transistors (OECTs) via electropolymerization. OECTs based on PEDOT
doped with the small anion ClO,~ and the polyanion PSS~ exhibited high
transconductance (>10 mS) and ON/OFF ratios (~10%) in NaCl aqueous
solution, comparable to state-of-the-art electrodeposited OECTs. Electro-
polymerization was found to significantly enhance the cycling stability of
OECTSs compared to devices fabricated using inkjet printing from com-
mercially available suspensions. Notably, the incorporation of the small
anion ClO, contributed more effectively to cycling stability than the
polyanion PSS™ and facilitated the achievement of a fully doped state in
PEDOT films, which is advantageous for low-energy operation. Further-
more, a flexible, lightweight OECT was achieved by integrating electro-
polymerized PEDOT:CIO, on an ultrathin parylene substrate. The device
exhibited comparable performance to the rigid counterparts, and presented
unchanged electrical characteristics under mechanical bending, both par-
allel and perpendicular to the channel length direction, highlighting its
excellent flexibility. Electrodeposition is particularly promising for the
fabrication of flexible electronics, as it enables the rapid formation of

reproducible and stable devices with tunable thickness and electrical
properties, while minimizing both material and solvent waste. Moreover,
the technique is easily scalable, allowing for the parallel fabrication of a large
number of devices.

We further investigated the ionic injection and ejection during doping/
dedoping processes in electropolymerized PEDOT:CIO4 and PEDOT:PSS
films using EQCM-D. In PEDOT:PSS, the process is governed exclusively
by the injection and ejection of electrolyte cations and anions, with Na*
playing a dominant role. For PEDOT:CIO,, the dedoping process involves
both Na™ ion injection from the electrolyte and the ejection of dopant ClO,~
counterions, while redoping is initially governed by ejection of Na* ions,
followed by the re-injection of ClO, " ions.

This study demonstrates the practical application of electro-
polymerized PEDOT doped with small anions in flexible OECTs, high-
lighting its significant potential for achieving high stability across various
application scenarios. Furthermore, it provides valuable insights on the
complex doping/dedoping behaviors in PEDOT:CIO4 and PEDOT:PSS
films, offering a useful reference for understanding the operating mechan-
isms of OECTs based on different PEDOT systems. Future studies could
expand the investigation to include a broader range of anions with varying
ionic sizes, which would offer further insight into the size-dependent effects
on device performance and doping/dedoping dynamics.

Methods

Materials

The monomer, 3,4-ethylenedioxythiophene (EDOT) (97%), was purchased
from Sigma-Aldrich and stored at 4 °C. Lithium perchlorate (LiClO,,
95.0%), poly (sodium 4-styrenesulfonate) (PSS sodium salt,
Mw~1,000,000 g/mol), lithium tetrafluoroborate (LiBF,), sodium chloride
(NaCl, 99.5%), and acetonitrile (99.8%) were purchased from
Sigma-Aldrich. Tetraethylammonium tetrafluoroborate (TEABF,, 99%)
was obtained from Acros Organics Chemicals. Conductive inkjet ink,
poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) ~ (PEDOT:PSS,
0.8% in H,0) was purchased from Sigma-Aldrich. Si/SiO, wafers (dia-
meter: 100 mm) were purchased from WAFERPRO.

Rigid device fabrication

Au source and drain electrodes (W/L =4000 um/5 um), with a layout
optimized for electrodeposition experiments (Fig. 1a), were fabricated by
photolithography and lift-off, as previously reported”'. The substrates were
then cleaned by sequential ultra-sonication in acetone, isopropyl alcohol
(IPA), and deionized (DI) water for 10 min, dried with N,, and finally
exposed to UV-Ozone cleaning (UVO-Cleaner from Jelight Company, Inc)
for 20 min before electrodeposition.

Electropolymerization

Electropolymerization of PEDOT films was carried out in a three-electrode
electrolyte-gated transistor bottom mount cell (redox.me, Sweden), con-
nected to a VSP-300 Potentiostat (Bio-Logic) equipped with EC-Lab soft-
ware. The source and drain electrodes, short-circuited using copper tape
(3M) and high purity silver paint (SPI supplies), served as the working
electrode, a non-aqueous Ag/Ag" refillable electrode (filling solution 0.01 M
AgNOj; and 0.1 M TBAP in acetonitrile, redox.me, Sweden) or an aqueous
Ag/AgCl (filling solution: 3 M NaCl, ALS RE-1B, Japan) was used as the
reference electrode, while a platinum coil (50HX15 0.6/250 mm, Pt 99.9%,
redox. me) was used as the counter electrode. The electrolyte solution
consisted of 10 mM EDOT monomer, and the desired dopant concentra-
tion, dissolved in either acetonitrile or a mixture of water and acetonitrile
(details in Supplementary Table 2).

Prior to electrodeposition, the cell was purged with nitrogen for 20 min,
and the nitrogen blanket was maintained during the electropolymerization
to avoid undesirable oxidation reactions due to the presence of dissolved
oxygen™. All electrodepositions were performed in galvanostatic mode at a
current density of 0.5 mA/cm® . The total deposited PEDOT film area is
0.06 cm?. For experiments with various dopants and concentrations, except
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PSS™, a charge density of 60 mC/cm”® was consistently achieved by depos-
iting during 120s. For further exploration of PEDOT:ClO,-based
devices, the deposition was conducted to reach 15 mC/, cm? 30 mC/cm? and
60 mC/cm’ by running for 30 s, 60 s, and 120 s, respectivey’*’. PEDOT:PSS
OECTs were prepared by depositing at a charge density of 300 mC/cm’
(600 s). Due to the limited solubility of EDOT in water and the high viscosity
of the NaPSS water/acetonitrile solution, film formation proceeded slowly
and non-uniformly. Under these conditions, deposition at low charge
densities failed to produce a continuous film bridging the source and drain
electrodes. Additionally, the smoother surface morphology of PEDOT:PSS
films led to longer deposition times for the film to grow and connect the
drain and source electrodes®.

After electropolymerization, the films were rinsed in deionized water to
remove excess solvent and salts. The copper tape was detached, and the
silver paste was removed with acetone. Finally, to complete the device
fabrication, Pyrex® cloning cylinders were attached to the substrate using
PDMS to confine the electrolyte.

Ink-jet printing

PEDOT:PSS channels were printed using a Dimatix Materials Printer
DMP-2850 (Fujifilm Dimatix), equipped with a 12-jet Samba cartridge.
Prior to printing, the ink was sonicated for 1 h and then filtered using PVDF
syringe filters with 0.45 um pore size (Millex). A single layer of PEDOT:PSS
was printed onto the same electrodes patterns used for electropolymerized
OECTs. After printing, the samples were heated at 150°C for 2h on a
hotplate. Finally, Pyrex® cloning cylinders were attached to the substrate to
confine the electrolyte.

Flexible device fabrication

A 10 um-thick Parylene C film was deposited onto a glass wafer to ensure
rigidity during microfabrication and electrodeposition. Before photo-
lithography, the parylene-coated wafer was sequentially rinsed with acetone,
isopropanol, and deionized water, then dried under nitrogen. Gold electrodes
were patterned via photolithography and lift-off using a bilayer positive tone
resist. First, LOR 5 A was spin-coated at 4000 rpm for 30 s and soft-baked at
170 °C for 3 min. A top layer of OIR 674-11 was then spin-coated at 4000 rpm
for 30 s and baked at 90 °C for 1.5 min. UV exposure was performed using a
Karl Suss MA-6 mask aligner, followed by development in AZ-726 for 75s.
Samples were rinsed with deionized water and dried under nitrogen.

To improve metal adhesion, oxygen reactive ion etching was applied
for 1 min. A 10 nm titanium adhesion layer and a 50 nm gold layer were
deposited sequentially. Lift-off was achieved by immersing the wafer in
Remover 1165 for 24 h, followed by thorough rinsing with deionized water.

Devices were separated using a CAMAG smartCUT cutter. Prior to
electropolymerization, surface dust was removed using a gentle nitrogen
flow. PEDOT:CIO, was electropolymerized as previously described, with a
deposition charge density of 60mC/cm® over 120s. After electro-
polymerization, the parylene C film was removed from the glass, yielding
flexible OECTs with electropolymerized PEDOT:CIO, channels. External
wells to confine the electrolyte were not required as the electrolyte did not
spread on the parylene substrate.

Morphology characterization

Optical Microscopy was operated on a ZEISS Axiolab microscope. A 100x
objective lens was used. SEM imaging was performed on Quattro Envir-
onmental Scanning Electron Microscope (ThermoFisher Scientific). An
Everhart-Thornley Detector (ETD) was used to acquire lower magnification
images (5000x) at an acceleration voltage of 5kV, while an In-Column
Detector (ICD) was employed for the higher magnification images
(50,000x) at an acceleration voltage of 2 kV. AFM images were obtained
using the Dimension ICON-FASTSCAN AFM (Bruker) equipped with
etched silicon cantilevers TESPA-V2 (Bruker) in PeakForce Tapping mode
in air. The images were analyzed using NanoScope Analysis software. All
samples used for SEM and AFM characterizations were prepared under the
same conditions as the films used for OECTs.

Device characterization

Electrical characterization of OECT' was performed with an electrical probe
station (SemiProbe) connected to a NI PXIe-1062Q system (National
Instruments) controlled by a customized LabView software. OECT mea-
surements were performed using 0.1 M NaCl aqueous electrolyte and an
Ag/AgCl disc (Diameter x thickness = 4 x 1 mm?, Warner Instruments) as
the gate electrode. Transfer curves were recorded at a constant source-drain
voltage (Vp) of —0.4 V with the source-gate voltage (V) swept from —0.4
to 1V or —0.6 to 0.8 V. Output curves were obtained by sweeping Vp,
between 0 and —0.8 V of Vp,, while V; was applied from —0.4to 1 V or —0.6
t0 0.8 Vin 0.1 V steps. A sweep rate of 20 mV/s was used for both transfer
and output curves. The cycling stability of the OECTs was evaluated by
applying Vg square waves with an amplitude of 0.8 V (0-0.8 V) and a pulse
width of 5 s for 1000 cycles.

The electrical characteristics of the flexible devices were first measured
in the flat state, followed by bending tests in two directions: parallel and
perpendicular to the channel length. For deformation, the flexible OECT's
were mounted onto a glass rod with a diameter of 5 mm, corresponding to a
bending radius of 2.5 mm in both directions, as illustrated in the insets of
Fig. 3¢, d. All characterization parameters were identical to those used for
devices on rigid Si/SiO, substrates.

Spectroelectrochemistry

Spectroelectrochemistry measurements were performed with a portable
potentiostat (WaveNow"", Pine Research Instrumentation, USA) in a
standard three-electrode configuration. The working electrode was a
PEDOT:CIO, film on an indium-tin-oxide (ITO) coated glass slide, the
counter electrode was a platinum coil (0.6/150 mm, Pt 99.9%, redox. me),
and the reference electrode was an aqueous Ag/AgCl electrode (filling
solution: 3M KCl, 6 mm diameter, 70 mm in length, redox.me). The
potentiostat was coupled with a spectrometer (AvaSpec-ULS2048, Avantes)
and a halogen lamp to record the absorption spectra in real time during
voltage sweeps within the wavelength range from 400 to 1100 nm. To fab-
ricate the working electrodes, ITO glass slides (SPI Supplies, 50 x 75 mm®
(0.7 mm thick), 8-12 Q) were cut into 50 X 5 mm pieces using a glass plate
cutter (CAMAG smartCUT). After cleaning through sequential sonication
in acetone, IPA, and DI water for 10 min, followed by a 20 min UV-Ozone
treatment, PEDOT:CIO, films were electrodeposited on ITO glasses for
120 s using 100 mM and 5 mM dopants under the same conditions as for
device fabrication. The deposition area was 1cm” The voltage for spec-
troelectrochemistry (—1.0-+0.4 V) was selected to effectively capture the
optical changes associated with the redox process of PEDOT. Beyond this
range, no additional distinguishable changes in the optical signal were
observed, indicating that extending the voltage range is unnecessary.

Electrochemical quartz crystal microbalance with dissipation
(EQCM-D) measurement
EQCM-D measurements were performed using BluQCM QSD-300 (Bio-
Logic) connected with an SP-200 potentiostat (Bio-Logic). QCM sensors
(Bio-Logic, 5.000 MHz, 14 mm Cr/Au) were cleaned by sequentially soak-
ing them in acetone, IPA, and DI water for 10 min, followed by 20 min UV-
Ozone treatment. PEDOT films were electrodeposited on QCM sensors,
which were mounted inside the AW-BEQ01Q EQCM 14 mm in-batch cell
(Biologic) and used as working electrodes. A Pt coated mesh was used as the
counter electrode, and a non-aqueous Ag/Ag™ refillable electrode (for
PEDOT:CIO,4) or an aqueous Ag/AgCl electrode (for PEDOT:PSS) was used
as the reference electrode. A solution of 10 mM EDOT and 100 mM of
dopant was used for both PEDOT:ClO, and PEDOT:PSS coating.
PEDOT:CIO,4-coated QCM sensors were electrodeposited at various charge
densities of 15 mC/cm’, 30 mC/cm’, and 60 mC/cm” through running the
deposition for 30s, 60 s and 120 s, respectively. For PEDOT:PSS, the elec-
tropolymerization charge density of 15 mC/cm’ was reached by 30s of
deposition.

Prior to measurements, the PEDOT-coated sensors were soaked in the
0.1 M NaCl aqueous solution for 1 h to reach equilibrium, and 20 repeated
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electrochemical cycles were applied for conditioning™. The EQCM-D
responses under 5 overtones (n=1, 3, 5, 7 and 9) were recorded con-
comitantly with cyclic voltammetry measurements between —0.8 and 0.8 V.
A symmetric voltage range (—0.8-4-0.8 V) was selected to facilitate the
analysis for reversible mass changes under balanced charge injection and
repulsion conditions, allowing direct comparison for doping and dedoping
behaviors. The PEDOT:CIO, sample electrodeposited for 30 s was mea-
sured at different scan rates of 20 mV/s, 50 mV/s, and 100 mV/s, while the
other samples were measured at 50 mV/s. Data from 1st overtone is nor-
mally not considered, and the fifth overtone (n = 9) is not used in this work
due to excessive noise.

Data availability
All the raw data that support the findings of this study are available from the
corresponding author upon request.
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